4-Nonylphenol in Sewage Sludge: Accumulation of Toxic Metabolites from Nonionic Surfactants
Abstract. Anaerobically treated sewage sludge n'as found to contain extraordinarily high concentrations of 4-nonylphenol. a metabolite derived from nonionic surfactanrs of the nonylphenol polyethoxylate type. Concentrations in actii9ated sewage sludge, in mixed primav and secondap sludge, and in aerobically stabilized sludge were substantially lower. suggesting that the formation of 4-nonylphenol is favored under mesophilic anaerobic conditions. Beccrirse 4-nonylphenol may be highly toxic to aquatic life, jirrther research is needed on the .fate of 4-nonylphenol a f e r sludge is disposed of in the environment. Fig. I ) are widely used nonionic surfactants. In 1982 their end-use market in the United States reached approximately 140,000 metric tons (I). Their degradation during aerobic treatment of wastewater by activated sludge leads to the formation of 4-alkylphenol monoand diethoxylates (structure B in Fig. 1 ). which have been found as major refractory constituents of treated wastewater emuents (2) and river water ( 3 ) . In addition, alkylphenol polyethoxy carboxylic acids have been detected in biologically treated domestic wastewater (4). This report concerns the degradation of the 4-alkylphenol ethoxylates during sludge treatment and, in particular, the high concentrations of the toxic compound 4-nonylphenol (structure C1 in Fig. 1 ) in anaerobically stabilized sewage slu '?e.
4-Alkylphenol polyethoxylates (structure A in
Sludge samples were collected from pipelines of mixed digesters during sludge transfer and extracted in a closedloop steam distillation-extraction apparatus (5). Cyclohexane extracts were subjected to column chromatography on deactivated silica. The methylene chloride-eluted fractions were then analyzed by high-resolution capillary gas chromatography ( Fig. 2A ). Compounds were 10 AUGUST 1984 identified on the basis of comparisons with a commercial. technical grade 4-nonylphenol. Since 4-nonylphenol is manufactured from tripropylene and phenol (6). it contains many isomers with variously branched structures of the nonyl substituents. The different alkyl branching gives rise to several incompletely resolved peaks in the capillary gas chromatogram of commercial 4-nOnylphenol (2, 5 ) . Major peaks in the gas chromatogram of the sludge extract ( Fig.  2A) were assigned to isomeric 4-nonylphenols. Iil addition, 4-octylphenol and 4-decylphenols were detected. Directly coupled gas chromatographymass spectrometry provided the basis for identifying the alkylphenols. Molecular ions (massfcharge ratios, 206, 220, and 234) and base peaks (mostly 135, but also 107, 121, 149, and 163) were identical for corresponding peaks in the sludge sample and in the reference material. The mass spectra of 4-nonylphenols have been published elsewhere ( 5 ) .
We also used high-performance liquid chromatography (HPLC) for further con- mixed primary and secondary sludge also showed low concentrations of 4-nonylphenol (0.09 to 0.15 and 0.04 to 0.14 g/kg, respectively). These samples also contained nonylphenol mono-and diethoxylates (structure B1 in Fig. 1) at concentrations similar to their 4-nonylphenol content.
Our survey indicates that the large amount of 4-nonylphenol in stabilized sewage sludge originates from alkylphenol polyethoxylates (structure A in Fig. 1) . We propose the following pathway for the formation of 4-nonylphenols. During aerobic treatment of wastewater, the polyethoxylate chains of the alkylphenol polyethoxylates are shortened by microbial transformations (7). The resulting alkylphenol mono-and diethoxylates (structure B in Fig. 1 ) appear to be less biodegradable. Because these metabolites have lost their hydrophilic moieties, they are less water-soluble and are partially removed from the wastewater stream by sorption to lipophilic flocs of sludge. Such nonbiological mechanisms of elimination in biological treat- (8) . When the sludge is stabilized, the alkylphenol mono-and diethoxylates are further degraded to alkylphenols (structure C in Fig. l) , which accumulate in the digested sludge. Our observation that significantly higher levels of 4-nonylphenol are consistently found in anaerobically stabilized sludge indicates that anaerobic environments favor the accumulation of 4-nonylphenol. This suggestion is supported by several observations: 1) Ganison and Hill (9) reported increased concentrations of nonylphenol in industrial wastewater after anaerobic treatment.
2)
In a treatment plant we found that samples of anaerobically treated sludge contained 0.89 g of 4-nonylphenol per kilogram of dry matter and aerobically stabilized samples 0.20 gkg.
3) Raw and anaerobically stabilized sludge were mixed in equal parts and anaerobically digested for up to 40 days.
In these controlled batch experiments in the laboratory we observed a four-to eightfold increase in the concentration of 4-nonylphenol related to the content already present in the raw sludge. In batch experiments involving aerobic incubation, 4-nonylphenol concentrations increased by a factor of only 2. 4-Nonylphenol concentrations did not increase in sterile controls.
Concentrations of 4-nonylphenol in digested sewage sludge are extraordinarily high compared to those of other contaminants. Heavy metals of similar toxicity are usually found at concentrations two orders of magnitude less. In sewage sludge from nonindustrial sources, polychlorinated biphenyls were found at concentrations of 0.35 to 23 mg per kilogram of dry matter (10) and polycyclic aromatic hydrocarbons at 20 to 30 mg/kg (11).
The toxicity of nonylphenol in aquatic ecosystems has been studied thoroughly (12, 13). Lethal concentrations (LCso) for fish and shrimp range from 0.13 to 0.3 mgiliter. Toxicity tests with Daphnia magna show an effective concentration for nonylphenol of 0.18 mg/liter. The maximum permissible concentration in sludge for substances of similar toxicity, such as cadmium (ECSO. 0.35 mgl liter), is usually set at about 30 mgikg.
Further research is needed to investigate the possible degradation of 4-nonylphenol when sewage sludge is applied to land and to study the effects on soil organisms and plants. The environmental risks of surface runoff and disposal of sludge at sea must also be assessed.
Past research has been devoted to measuring the concentrations of inorganic contaminants in sewage sludge and their impact on the environment. However, a recent report on mutagenic properties of sewage sludge (14) indicates that organic contaminants pose as many problems as do inorganic substances. It is therefore necessary to screen sewage 
